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Magnesium nanoparticles with size above 10 nm, prepared by gas-phase syntheses, were
investigated by high-resolution transmission electron microscopy. The dominant particle shape is a
hexagonal prism terminated by Mg0002 and Mg101¯0 facets. Oxidation of Mg yields a MgO
shell 3 nm thick, which has an orientation relation with the Mg. Inhomogeneous facet oxidation
influences their growth kinetics resulting in a relatively broad size and shape distribution. Faceted
voids between Mg and MgO shells indicate a fast outward diffusion of Mg and vacancy
rearrangement into voids. The faceting of polar 220 planes is assisted by electron irradiation.
© 2006 American Institute of Physics. DOI: 10.1063/1.2358860
In recent years, magnesium has attracted strong interest
as possible high performance hydrogen storage material.1–9
Because the storage capacity is limited by material weight,
significant attention has been paid to lightweight
materials.3–9 In addition from fundamental point of view,
Mg is an instructive case to explore the transition from
nonmetallic-to-metallic behavior because its electronic struc-
ture varies dramatically with the number of interacting
atoms.10 The s-p band gaps were observed to close at 18
atoms particle sizes 0.9 nm, signaling the onset of metal-
lic behavior and giving a possible lower limit to sizes for
storage applications.11
The kinetics of H absorption/desorption and the heat re-
lease during hydrogenation can be tailored by refining the
size of the nanoparticle. Calculations have shown that as the
particle size increases from 0.6 to 2 nm, the heat of forma-
tion increases from 16 to 19 kcal/Mg and approaches the
bulk value 20.00 kcal/Mg beyond 2 nm.12 Studies of Mg
powders showed that their chemical reactivities were ap-
proximately proportional to their specific surface areas for
particle sizes down to 76 nm.13 The pressure plateau, at
which the material reversibly absorbs/desorbs hydrogen, is
of primary importance for storage by metal hydrides. Studies
of nanoparticle e.g., Pt and Pd assemblies have also shown
the absence of a pressure plateau for sizes 3 nm.14
Previous work has addressed the effect of oxidation on
the hydrogen uptake in 400 nm thick Mg films.15 Oxygen
initially increased the hydrogen uptake rate, which was de-
creased at higher oxygen concentrations due to the formation
of MgO layers. It is also likely that the formation of an
ultrathin MgO layer can favor hydrogen diffusion into the
bulk of Mg by prohibiting the formation of surface MgH2
that further frustrates hydrogen diffusion.15 Therefore, under-
standing structural aspects of Mg nanoparticles with size
larger than 1 nm is important for future applications of com-
plex nanostructured Mg-based hydrogen storage systems. So
far, little is known about the effect of the oxidation on the
structure evolution of gas-phase synthesis of Mg nanopar-
ticles. Here, we will investigate these issues using high-
resolution transmission electron microscopy HRTEM.
The chamber of the nanoparticle NC200U source was
evacuated to a base pressure of 310−9 mbar with partial
oxygen pressure in 10−10 mbar range. Supersaturated metal
vapor is generated by sputtering a Mg target purity of
99.95% as obtained by Alfa Aesar in an inert gas atmo-
sphere of Ar pressure of 0.4 mbar.16,17 Particles were re-
moved fast from the aggregation zone by the use of He as a
drift gas. HRTEM imaging and electron diffraction analysis
were performed using a JEOL 2010F, with the nanoparticles
deposited on commercial amorphous silicon-nitride mem-
branes of 25 nm thick.16,17
Figures 1–3 demonstrate a variety of two dimensional
TEM projections of nanoparticles. About 80% Mg particles
show a hexagonal shape or where adjacent facets in projec-
tion make mutual angles of 120°. The diffraction pattern
Fig. 2b shows that imaging in this case occurred along the
hcp Mg0001 direction, and the observed facets for this
projection are Mg101¯0. The second most abundant particle
orientation with respect to the substrate 1 in 8 is shown
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FIG. 1. Bright-field TEM image showing Mg nanoparticles with various
orientations with respect to the substrate. Most Mg particles are viewed near
to 0001 and show 101¯0 facets with mutual angles of 120°. A significant
number of particles show hollow internal parts between Mg core and MgO
shell as indicated by the arrows.
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in Fig. 3a, which yields a needle shape two dimensional
particle projection. It corresponds to the same three-
dimensional shape but projected in a direction perpendicular
to the 0001, namely, 101¯0	. For this projection and par-
ticle type it is clear that the stable facet is the Mg0002. The
Mg0001 and 101¯0	 projections indicate the hexagonal
prism as the most stable shape of the Mg particles. The stable
shape of the particles is determined by surface energies
which can be derived by the Wulff construction18, where
the facets correspond to the closest packed planes. More in-
terestingly, since 80% of the particles have their Mg0001
direction perpendicular to the plane of the membrane, it can
be concluded that they can attain energetically favorable ori-
entations, controlled by interface energies, upon soft landing.
Thus, the nanoparticles can rotate themselves towards a more
favorable orientation upon landing on the substrate.
Factors such as temperature, kinetics, impurities, and
surface energies can lead to unusual nanoparticle shapes and
size distributions.18 Comparison of Mg particles with other
nanoparticles we studied earlier, Cu, Co, Fe, Nb, and Mo17
shows that their size distribution is significantly broader.
Crucial is the oxide shell formation around the particles.
Nonuniform oxidation of various particle facets is the origin
of the broader size and shape distribution. The HRTEM im-
age in Fig. 2a confirms the formation of a thin fcc MgO
shell 3 nm thick. For Fe nanoparticles the oxide shell of
similar thickness was amorphous and developed during
sample transfer to TEM.19 In contrast, the MgO shell forms
within the deposition chamber during particle growth, since
particles that directly after deposition were covered with a Ti
film showed identical MgO shells. The MgO shell prevents
further oxidation under ambient conditions since the shells
were the same for freshly deposited and samples kept for one
month in air. The oxidation of Mg also leads to the formation
of sharply faceted voids arrows in Fig. 1b since the out-
ward diffusion of Mg is faster than inward diffusion of O to
form MgO. The large hollow voids are also formed due to
fast vacancy clustering, and they are more susceptible to
electron beam damage comparing Figs. 4c and 4a.
In general, at room temperature RT dense oxide films
on metals exhibit a limiting thickness of a few nanometers as
explained by the coupled currents approach of Fromhold and
Cook.20 In this case, outward diffusion of cations or inward
diffusion of anions, which is needed for oxide growth, has to
be balanced by transport of electrons from the metal-oxide
interface to the oxide surface where ionization of the ad-
sorbed oxygen occurs. At lower temperatures, e.g., at RT,
electron transport through the dense oxide film is only pos-
sible by a single step tunneling mechanism. Since the latter
decreases exponentially with increasing layer thickness, ox-
ide growth stops after a few nanometers if no other electron
transport mechanisms e.g., thermionic emission are suffi-
ciently active.20 This explain the formation of the relatively
uniform MgO thickness that is stable in time preventing fur-
ther oxidation.
The selected area electron diffraction SAED pattern in
Fig. 2b in combination with HRTEM images yields the
orientation relation OR between Mg and MgO. Many
images show that the Mg101¯0 facets, as viewed along
Mg0001, are parallel to MgO220 as viewed along
MgO001 Fig. 2a. The MgO200 and 020 planes are
resolved in Fig. 2a. Due to limited thickness of MgO
2–3 nm, when viewing along MgO001, the 200,
020, and the 220 reflections the latter corresponds to
planes parallel to the Mg facet are not observable in the
SAED patterns. The 22¯0 reflection is observable and cor-
FIG. 3. a Mg nanoparticle viewed along 101¯0	. Similar particle type as in
Fig. 2a and as most frequently observed in Fig. 1, but taken under 90°
angle. b HRTEM image of needle-shape Mg nanoparticle inset: full shape
of 80 nm in length as viewed along 112¯0	.
FIG. 2. a HRTEM image where Mg core and MgO shell crystal structure
are simultaneously resolved. The Mg is viewed along 0001 and the MgO
along 001 directions. The inset shows the hexagonal nanoparticle. b
Electron diffraction pattern for the Mg cluster shown in the inset.
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responds to planes perpendicular to the Mg101¯0 facet.
Therefore, the OR for these facets is Mg0001 
MgO001
and Mg101¯0 
MgO220. This implies that at the corners
of the adjacent Mg101¯0 facets making mutual angles of
120°, the MgO on these two facets show a mutual misori-
entation of 30°. Also an OR exists between the MgO and
Mg on the Mg0002 facets as shown in Fig. 3a
with Mg112¯0 
MgO220 or Mg11¯00 
MgO22¯0 and
Mg0002 
MgO002. This means that the MgO on the pair
of Mg0002 facets has the same orientation as on one of the
three pairs of Mg101¯0 facets. To the best of our knowl-
edge, this OR is observed for the first time for MgO/Mg
nanoparticles interfaces. The main reason for this OR origi-
nates from a most dense packing at the metal-oxide interface
providing a large number of metal-oxygen bonds to be estab-
lished across the interface.21
It is noteworthy that the polar 220 surface of MgO
shows a reconstruction, which is aided by the electron beam
Fig. 4b. The lateral size of the facet is between a few
atomic steps up to 3 nm, which is comparable to the MgO
thickness. The MgO200 surface has the lowest surface
energy in ionic rocksalt materials, while other facets such
as Mg111 and MgO220 are unstable polar surfaces in
vacuum. The latter lower their energy by surface
geometrical/electronic reconstruction, faceting, and
adsorbates.22
In conclusion, Mg nanoparticles with sizes in between
10 and 80 nm produced by gas-phase synthesis have a hcp
structure with a hexagonally prismatic shape. Deviations
from this shape and the relatively broad particle size distri-
bution are attributed to the oxidation of Mg. The oxidation
leads to hollow sharply faceted voids at the Mg/MgO inter-
face. The latter is due to faster outward diffusion of Mg
compared to inward diffusion of oxygen, and fast rearrange-
ment of vacancies to form faceted voids. The crystalline
MgO shell 3 nm shows an orientation relation with Mg,
and undergoes faceting with size 3 nm assisted by elec-
tron beam irradiation to stabilize polar 220 MgO surfaces.
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FIG. 4. a TEM image of an Mg particle viewed along 0001 with faceted
hollow parts as indicated by the arrows. b HRTEM image of an MgO shell
around the Mg, where faceting of the original Mg220 surface into
MgO200 and 020 surfaces has taken place. c TEM image of the same
nanoparticle as in a after prolonged exposure to the electron beam leading
to damage around the hollow area.
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